Objective: Identify radiographic risk factors for development of elbow dysplasia in giant breed dogs less than 1 year of age. Methods: Twenty-five giant breed puppies (Bernese mountain dogs, English mastiff, and Newfoundland) received bilateral elbow radiographs monthly from 2-6 months of age, bimonthly until radius/ulna physeal closure, followed 2 months by bilateral elbow computed tomography. Radiographic parameters measured included presence/absence of a separate center of ossification of the anconeal process (SCOAP), medial coronoid disease (MCD), ununited anconeal process, humeral osteochondrosis, elbow incongruity, as well as the length of the radius and ulna, radius-to-ulna ratio, and date of closure of the radial and ulnar physes. Results: Fifteen dogs completed the study. Two Bernese Mountain dogs were diagnosed with MCD. Risk factors significantly associated with medial coronoid disease included dyssynchronous physeal closure and decreased radius-to-ulna ratio, detected between 8-11 months of age. SCOAP was present in 60% of the dogs, and was not a risk factor for development of elbow dysplasia. Clinical significance: Transient, dyssynchronous growth of the radius and ulna may be a risk factor for development of MCD in Bernese Mountain dogs. Dyssynchronous physeal closure or decreased radius-to-ulna ratio prior to radiographic closure of the distal ulnar and radial physes warrants further study in Bernese Mountain dogs and other breeds subject to MCD development. Objective: Identify radiographic risk factors for development of elbow dysplasia in giant breed dogs less than 1 year of age.
underlying abnormality and severity, age of onset for clinical signs can be young, with most dogs presenting at less than one year of age.(2, 3) Elbow dysplasia can be defined by multiple abnormalities present in the elbow, including medial coronoid disease (MCD), humeral osteochrondrosis (OC), ununited anconeal process (UAP), and elbow incongruity. (3, 4) Proposed mechanisms for the development of elbow dysplasia include joint incongruity, altered biomechanical forces across the elbow joint, altered endochondral ossification and osteonecrosis. (3, (5) (6) (7) Elbow joint incongruity is thought to be secondary to a length mismatch between the radius and ulna, with a short radius leading to MCD and a short ulna leading to UAP. (3, 6, 8, 9) MCD is the most common form of elbow dysplasia in the dog and the exact etiopathogenesis remains unknown. (1, 10) Hypotheses for the pathogenesis of MCD include abnormal mechanical forces from elbow incongruity, abnormal endochondral ossification or osteonecrosis.(5, 9) However, there is a discrepancy between studies of radial-ulnar incongruity with some studies identifying no difference in radial-ulnar congruity in dogs with or without MCD, while others have found that radial-ulnar incongruity may correlate with the severity of MCD in some cases. (11, 12) There are two main theories for the pathogenesis of UAP: failure of fusion of a separate center of ossification of the anconeal process (SCOAP) or dyssynchronous growth of the radius and ulna resulting in elbow incongruity and secondary UAP. (8, 13 ) When a SCOAP is present, a radio-lucent line is identified separating the anconeal process from the olecranon on radiographs in dogs between 10-13 weeks of age; with the expected time of fusion to the olecranon reported to occur at less than 20 weeks of age. (14) UAP is diagnosed when there is persistence of the lucency between the anconeal process and olecranon in dogs over 22-24 weeks of age, due to a Incongruency of the elbow can occur in physiologic and pathologic forms, with the pathologic forms of elbow incongruency resulting from unequal growth between the radius and ulna or from abnormal development of an elliptical shape of the trochlear notch of the ulna. (6, 18) Incongruency of the elbow has been described as a step defect between the radius and ulna with a nonuniform joint space.(6) Diagnosis of incongruency in mild cases is difficult but severe radioulnar discrepencies can be identified using radiographs, computed tomography (CT) or arthroscopy. CT has been reported to be more accurate than radiographs and less dependent on patient positioning for the diagnosis of elbow incongruency. (6, 19) The incidence of elbow dysplasia has declined in select populations of high risk breeds of dogs.(20) This is largely due to the efforts of groups such as the International Elbow Working Group. The goal of this group is to identify affected dogs and recommend removal from the breeding pool through grading elbow radiographs of 1-year-old dogs from 0 (normal) to 5 (severely affected).(21) While selective breeding using this method has successfully decreased the prevalence and severity of elbow dysplasia in many breeds of dog, unfortunately many dogs are bred before 1 year of age. A method of diagnosis of elbow dysplasia in young growing dogs The aim of the present study was to identify radiographic risk factors for development of elbow dysplasia in giant breed dogs less than 1 year of age. The null hypothesis was that there was no difference in any of the measured radiographic parameters that could differentiate individual giant breed dogs that develop elbow dysplasia from those that do not. 
Material and methods

Animals
Evaluation of images:
The radiographic and CT images were sent to a designated imaging server for off-line analysis. A DICOM viewer (eFilm, version 3.4.0, Merge Healthcare, Heartland, WI, USA) was used to view all imaging studies. Radiographs were evaluated independently by a veterinary student and a board certified radiologist. Each radiograph was assessed for the presence or absence of a SCOAP and, if present, the age at which radiographic closure of the SCOAP was first detected. The presence or absence UAP, FCP, OC, elbow osteoarthritis and physeal closure status of the radius and ulna were also recorded. Elbow CT images were evaluated for the presence or absence UAP, FCP, OC, elbow osteoarthritis, and elbow incongruity, with similar methods as described for the radiographic studies.
Statistical analysis: Statistical analyses were performed using commercially available software.
(Graphpad Prism, Temecula, CA). Group differences between dogs with and without elbow dysplasia were determined for continuous data (Kruskal-Wallis test), and binomial data (Fisher's Exact test). Non-parametric data were reported as the median, ±SEM with 95% confidence intervals (95% CI). Significance was set at P<0.05.
Results
Subjects:
A total of 25 dogs were recruited for this study (Table 1) Bernese mountain dogs and 1 English mastiff. The margination of the medial coronoid process was indistinct in two Bernese mountain dogs, which was unilateral in one dog and bilateral in the other (Figure 1, 3) . Unilateral rounding of the medial coronoid process was present in 2 other dogs, a Bernese mountain dog and an English mastiff. In the English mastiff, the rounding of the medial coronoid process resolved at the radiographic visit at 10 months of age. No dog was diagnosed with humeral osteochondrosis or UAP on the basis of radiographs. 
Synchronicity of physeal closure:
The synchronicity of closure of the physes for the radius and ulna could be assessed in 6 English mastiffs and 6 Bernese mountain dogs, but none of the Newfoundland dogs (due to attrition from the study). The closure of the distal ulna and distal radius occurred at the same radiographic visit for all dogs between 9.6 and 12.9 months of age except for two of the Bernese mountain dogs. Both of the Bernese mountain dogs with dyssynchronous closure of the physes developed MCD. In the dog with bilateral MCD, the proximal radial physis closed before the distal ulnar physis which closed before the distal radial physis (Figure 3 ). In the dog with unilateral MCD, the proximal radius and distal ulnar physes closed before the distal radial physis. Based on these data, disparate closure of the physes of the radius and ulna is a risk factor for development of medial coronoid disease (P= 0.0095), but not for development of UAP or humeral osteochondrosis (P = 1.0). In these 2 dogs, the dyssynchrony of physeal closure was first detected at 9.6 and 10.7 months of age, and in the dog with bilateral MCD persisted until at least 11.4 months of age.
Radius to ulna ratio:
There was a small, yet significant decrease in the ratio of the length of the radius-to-ulna seen between the 2 dogs with MCD and the dogs without MCD (Table 2, Figure 4 , Table   2 ). Only dogs with a radius-to-ulna ratio less than 0.835 between 240 and 300 days of age developed MCD. Further, the dog with unilateral MCD had a radius-to-ulna ratio less than 0.835 between 240 and 300 days in the dysplastic elbow but not in the non-dysplastic elbow. Analyses were not performed for Newfoundland dogs because none of these dogs completed the study.
Radius and ulna length measurements:
The radius and ulna of the left and right were symmetric, and the difference in length of the left and right radius and ulna was minimal (radius: 0.1 ± 0.01 cm; ulna: 0.1 ± 0.02 cm). The length of the radius and ulna did not differ in dogs with or without MCD (radius: 0.13 ± 0.03 cm; ulna: 0.1 ± 0.03 cm; p = 0.13).
Elbow incongruity:
The shape of the trochlear notch and humeroulnar joint space were normal in all of the dogs at all measured time points except for the dog with bilateral MCD. In this dog, there was no radiographic evidence of elbow incongruity until 7 months of age. Starting at this radiographic visit, the shape of the trochlear notch became flattened and sclerotic, the humeroulnar joint space became asymmetric, and there was a step defect of 2-3 mm between the head of the radius and the trochlear notch of the ulna. The changes to the shape of the trochlear notch and humeroulnar joint space did not progress after initial detection, the step defect on the right remained at 3 mm and the step defect on the left progressed from 2 mm to 3 mm. In the dog F o r P e e r R e v i e w with unilateral MCD, the shape of the trochlear notch and humeral ulnar joint space were normal and no step defect was noted between the radial head and trochlear notch of the ulna.
Discussion
Two of the giant breed dogs in this study were diagnosed with elbow dysplasia secondary to medial coronoid disease (MCD) with fragmentation of the medial coronoid process of the ulna as documented on arthroscopy. Risk factors for development of medial coronoid disease in these 2 dogs were dyssynchronous closure of the physes of the radius and ulna detected between 287 at 321 of age and a radius-to-ulna ratio of less than 0.835 between 240 and 300 days of age. A separate center of ossification of the anconeal process (SCOAP) was not found to be a risk factor for development of medial coronoid disease, ununited anconeal process or osteochondrosis of the medial aspect of the humeral condyle. We reject the null hypothesis, and conclude that there are radiographic risks factors in giant breed dogs for development of elbow dysplasia, specifically MCD, which can be detected before 1 year of age. Due to the small number of dogs and breeds in this study, and the fact that only 2 dogs developed MCD, these results may not prove to be relevant in other breeds or inspection of larger groups of dogs.
There was a small but significant decrease in the radius-to-ulna ratio in the dogs that developed MCD. By comparing the radius-to-ulna of the forelimbs of dogs with medial coronoid disease to those without medial coronoid disease, there is no overlap between affected and unaffected dogs between 240 and 300 days of age. In fact, in the dog with unilateral MCD, there was a decrease in the affected limb compared to the unaffected limb in this time period. Further, only dogs with medial coronoid disease had radius-to-ulna ratios of less than 0.8. These data support the hypothesis that elbow incongruity with a short radius is a risk factor for MCD. Due to the small numbers of dogs in this study, a Type I statistical error cannot be ruled out. Further Dyssynchronous closure of the physes of the radius and ulna was only noted in dogs with MCD. In these dogs, the physes of the ulna closed before the physes of the radius. Combined with the finding of a decreased radius-to-ulna ratio in affected dogs, this supports the hypothesis that the radius was transiently shortened in these dogs in relation to the ulna. This was likely because the ulna reached the length of skeletal maturity before the radius. During this short period of asymmetry between the radius and ulna, it is possible that there were altered stresses placed on the medial aspect of the elbow, and this may have predisposed these dogs to develop MCD. These data are supported by the findings that the radius-to-ulna ratio increased to the level seen in dogs not affected with MCD as they approached skeletal maturity. The transient nature of this radius-to-ulna ratio shortening may be the reason that some studies have described altered growth of the radius-to-ulna as a risk factor for elbow dysplasia while others do not. (11, 12) A SCOAP was present bilaterally in 12 of the dogs, none of which developed an ununited anconeal process. This is the first study to report the presence of a SCOAP in Bernese mountain dogs or English mastiff dogs. Previous studies have reported the presence of a SCOAP in Combined with the data of a recent study, the data do not support the hypothesis that a SCOAP is a risk factor for development of UAP in medium, large or giant breed dogs.(15) These data are more indicative that the presence of a SCOAP is a variation of normal skeletal development.
The limitations of this study include the small sample size, with a total of 25 dogs enrolled in the study and only 15 completing the study. Due to the nature of prospective studies, ten dogs failed to complete the study and discontinued between 48 and 251 days of age. No Newfoundland puppies completed the study, and attrition most frequently occurred after 100 days of age. With these data we were able to evaluate for presence of a SCOAP, but not for synchronicity of radius/ulna physeal closure. Further studies with a larger sample size, and equal number of participants from each breed, and including dogs that are not direct siblings would be beneficial for evaluating the true prevalence of SCOAP in these grades. 
